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The influence of a number of redox reagents on the charge state distribution in nanoelectro-
spray mass spectrometry was examined using cytochrome c and ubiquitin. The redox active
species investigated were: 1,4-benzoquinone, quinhydrone, tetracyanoquinodimethane
(TCNQ), hydroquinone, and ascorbic acid. The redox active species was mixed with the
protein sample before injection into the nanoelectrospray emitter, and mass spectra were
acquired using a triple quadrupole mass spectrometer. Under the same experimental condi-
tions, the charge state distribution of cytochrome c was observed to shift from a weighted
average charge state of 14.25 (in the absence of redox species) to 7.10 in the presence of
1,4-benzoquinone. When quinhydrone was mixed with cytochrome c, the charge state
distribution of the protein also shifted to lower charge states (weighted average charge state
9.43), indicative of less charge state reduction for quinhydrone than with 1,4-benzoquinone.
Addition of the redox reagent had little effect on the conformation of cytochrome c, as
indicated by far ultraviolet circular dichroism spectra. In contrast, the reagents TCNQ,
hydroquinone, and ascorbic acid exhibited negligible effects on the observed charge state
distribution of the protein. The differing results for these redox reagents can be rationalized in
terms of the redox half reactions involving these species. The results observed with ubiquitin
upon adding quinhydrone were analogous to those observed with cytochrome c. (J Am Soc
Mass Spectrom 2005, 16, 409–416) © 2004 American Society for Mass SpectrometryTechnological advances in the field of mass spec-trometry are dramatically advancing biological re-search, especially in the field of proteomics [1, 2].
Electrospray ionization (ESI) [3] is one of the most
important of these proteomic tools. In ESI, multiply
charged ions of biomolecules are formed, which enables
observation of macromolecules at relatively low m/z
values. This allows the use of conventional, limited m/z
range mass spectrometers such as the quadrupole mass
filter to analyze samples of high molecular weights. The
multiple charging phenomenon, however, also in-
creases the complexity of the mass spectra, and may
concomitantly decrease dynamic range, reduce sensitiv-
ity, and compromise mixture component analysis [4, 5].
Mass spectral deconvolution procedures are frequently
useful in reducing spectral complexity [6], but are decreas-
ingly effective as the mixture complexity increases.
The charge state distributions of macromolecules can
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doi:10.1016/j.jasms.2004.12.003be influenced by many factors, such as the analyte
structure/conformation [7–11], analyte concentration
[12–16], gas-phase reactivity [17–25], solution pH [14,
24, 26–30], solvent composition [31–33], and various ESI
instrumental parameters [18, 20, 34, 35]. Many of these
factors are interrelated. For example, changes in the
solution pH, solvent, and heating conditions can alter
the conformation of a protein, thereby affecting the
observed charge state distribution.
Three strategies have been reported in the litera-
ture in an effort to manipulate and simplify the
observed multiple charge state distributions. One
condensed-phase strategy takes place by modifying
the solution conditions such as pH [36]. A second
condensed-phase strategy invoked to control the ob-
served charge state distribution in ESI is to admix
base molecules with different gas-phase basicities
into the analyte mixture [37]. The other strategy takes
place in the gas-phase; this has been achieved either
by utilizing a post ion/ion reaction within an ion-trap
spectrometer to reduce multiple charge states [19,
38 – 42], or by utilizing a “neutralization chamber”
before the mass analyzer, to reduce multiple charge
states [43– 47]. These gas-phase approaches have
demonstrated great effectiveness in reducing the ob-
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require specialized instrumentation.
More recently, ESI has been miniaturized into a
low-flow variant called nanoelectrospray (nanoESI), in
which a stable spray is initiated by placing a nanoESI
emitter in an electric field with respect to a counter-
electrode inlet to the mass spectrometer; a syringe
pump is not required because capillary action draws
fluid to the emitter’s tip [48]. Compared to conventional
ESI, there are several advantages that make nanoESI
very attractive: (1) the onset of ESI occurs at a lower
applied voltage, which helps reduce the problem of
electrical (corona) discharge; (2) because the sample
flow rate is so low, there is much less sample consump-
tion; (3) the radii of initially produced droplets are
smaller, so the ionization efficiency is higher; and (4)
nebulizing gas and drying gas are not necessary, so ion
transmission is higher [49].
In this report, the shifts in average charge state
distribution for cytochrome c and ubiquitin upon addi-
tion of redox reagents were monitored by nanoESI
coupled to triple quadrupole mass spectrometry. Two
reagents in particular, 1,4-benzoquinone and quinhy-
drone, dramatically altered the charge state distribution
with a shift toward lower charge states.
Experimental
Sample Materials
Acetonitrile was HPLC grade and was obtained from
Aldrich. Water was prepared in a commercial mixed bed
ion exchanger and filtered through a 0.2 m filter. Redox
reagents used were: 7,7,8,8-tetracyanoquinodimethane
(TCNQ, Aldrich, Milwaukee, WI, provided by Profes-
sor M. R. Detty), hydroquinone (Matheson, Coleman
and Bell, Norwood, OH), quinhydrone (Aldrich) p-
benzenequinone (99%, Sigma, St. Louis, MO), and
ascorbic acid (Merck, Rahway, NJ). The redox reagent
and the protein solutions were prepared in 50/50
acetonitrile/water, and were mixed together before
injecting them into the nanoESI emitter with a syringe.
Emitter Fabrication
Borosilicate glass (i.d. 0.9 mm or 0.69 mm, o.d. 1.2 mm)
was purchased from Sutter Instrument Co. (Novato,
CA). The emitters were prepared by pulling heated
glass capillaries with the Sutter Instrument Co. P-2000
laser-based micropipette puller as described previously
[50, 51]. The emitters were pulled to fine open-ended
tapers ranging from 1 to 5 m and coated by polyani-
line (PANI) (Monsanto, St. Louis, MO) to provide
conductivity needed for nanospray [52]. Previous re-
sults have shown that pulling of borosilicate glass by a
laser-based micropipette puller can result in reproduc-
ible performance by mass spectrometry for different
emitters created using the same pulling program pro-
tocol [51].Circular Dichroism
In order to determine whether or not addition of redox
reagents had impact on protein conformations, circular
dichroism (CD) spectra were collected. CD spectra in
the far (180–260 nm) UV were determined with a
JASCO J715 spectropolarimeter. Measurements were
made every 0.5 nm using a 1.0 nm bandwidth and an 8 s
time constant. Far UV spectra were measured in a 0.1 cm
cuvette at a protein concentration of 10 M, and were
the average of three separate scans. All samples were in
5 mM sodium phosphate pH 7.0 plus the addition of the
various organic components and redox agents. Mea-
sured circular dichroism ellipticity values were con-
verted to mean residue ellipticity, [], in deg cm2
decimol1 using the equation:
[]
100
Cnl
(1)
where   is the difference in millidegrees between the
protein sample and the buffer sample, C is the concen-
tration of protein in mM, n is the number of residues in
the protein, and l is the path length of cuvette in cm.
Nanospray Experimental Methods
All experiments were performed in the positive mode
on a commercially available PE-SCIEX Biosystems API
3000 (Concord, Ontario, Canada) triple quadrupole
mass spectrometer equipped with a homemade
nanoESI source [53]. The instrument was set to Q1 scan
from 300–3000 m/z at 1.0 resolution for protein samples
with a step size of 0.1 m/z, for two s. Samples (non-
physiological conditions, 50/50 acetonitrile/water)
were introduced into the source using PANI-coated
emitters, which were positioned2 cm from the inlet of
the mass spectrometer. The ion source voltage used was
5500 V for nanoESI.
Results and Discussion
The charge state distribution of any ESI mass spectrum
can be evaluated by the weighted average charge state
(ACS), given by eq 2 [49]:
ACSNiIi ⁄ Ii (2)
where Ni is the number of charges on each peak
representing the intact molecule, and Ii is the absolute
intensity of each peak.
Cytochrome c with Different Redox Reagents
Figure 1 shows that when 10 M cytochrome c was
mixed with 100 M redox reagent solutions, the multi-
ple charge state distribution of the protein shifted to one
centered at lower positive mode charge states. Initially,
in the 50/50 acetonitrile/water solvent, the most in-
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quinhydrone shifted the most intense peak to the 9
charge state, while adding 1,4-benzoquinone shifted the
most intense peak even farther to the 7 charge state.
Upon addition of TCNQ, hydroquinone, or ascorbic
acid, the most intense charge state changed only
slightly, all to the 13 charge state. Based on this
observation alone, 1,4-benzoquinone appears to be the
most effective of these redox reagents in shifting the
charge states of cytochrome c to the lower values. In
addition, determination of ACS supports the hypothesis
that 1,4-benzoquinone is the most effective redox re-
agent in lowering the observed charge state distribu-
tion. Compared to the ACS of 10 M cytochrome c in
50/50 acetonitrile/water, which was 14.25 (Table 1), the
ACS of 10 M cytochrome c with quinhydrone and
1,4-benzoquinone was reduced considerably, to 7.10 for
1,4-benzoquinone and to 9.43 for quinhydrone.
In Figure 2a, far UV CD reveals only small differ-
ences in ellipticities for cytochrome c between aqueous
and 50/50 acetonitrile/water solvent systems. Thus, the
secondary structure of cytochrome c is little perturbed
Figure 1. Nanospray mass spectra of (a) 10 M
1,4-benzoquinone, (c) 10 M cytochrome c with 1
M hydroquinone, (e) 10 M cytochrome c with
ascorbic acid.by the addition of acetonitrile. This result is completelyconsistent with earlier CD measurements of cytochrome
c in 30% acetonitrile solution, where only 8% loss of
-helical content was observed [54]. Figure 2b indicates
how much conformational change cytochrome c under-
goes upon addition of redox reagent. Addition of 1,4-
benzoquinone results in virtually no change to the far
UV CD spectra. For quinhydrone and hydroquinone,
the negative features at 208 and 222 nm are only slightly
more intense, indicating the secondary structure is
maintained. Clearly the addition of redox reagent does
not have a significant effect on the conformation of
cytochrome c; thus, conformational effects can be ruled
chrome c, (b) 10 M cytochrome c with 100 M
quinhydrone, (d) 10 M cytochrome c with 100
M TCNQ, (f) 10 M cytochrome c with 100 M
Table 1. ACS of cytochrome c and cytochrome c with different
redox reagents
Sample ACS
10 M cytochrome c 14.25
10 M cytochrome c with 100 M 1,4-benzoquinone 7.10
10 M cytochrome c with 100 M quinhydrone 9.43
10 M cytochrome c with 100 M hydroquinone 14.04
10 M cytochrome c with 100 M TCNQ 12.95cyto
00 M
100 10 M cytochrome c with 100 M ascorbic acid 11.82
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observed in Figure 1.
The differing results for 1,4-benzoquinone (Q), hy-
droquinone (H2Q), and quinhydrone (Q
·H2Q) appear to
be dictated by solution-phase, and not gas-phase, be-
havior. For example, the gas-phase basicity of hydro-
quinone was recently determined to be 808.4 kJ/mol
[55] while that of 1,4-benzoquinone is slightly lower at
799.1 kJ/mol [56]. If gas-phase basicity dominated the
charge reduction phenomenon, then cytochrome c ad-
mixed with hydroquinone would be expected to have a
lower ACS distribution than cytochrome c admixed
with 1,4-benzoquinone. As shown in Table 1, the oppo-
site is true, with cytochrome c showing negligible ACS
shift upon addition of hydroquinone (14.25 to 14.04).
Figure 2. Far-UV CD spectra of cytochrome c (10 M): (a)
Aqueous versus 50/50 acetonitrile/water, and (b) with the addi-
tion of 100 M of a redox reagent (1,4-benzenequinone, hydroqui-
none, or quinhydrone), 50/50 acetonitrile/water solution.Thus, gas-phase basicity of the redox reagents is not thelikely explanation for these results; however, they can
be rationalized in terms of the redox half reaction
involving these species. First, we note that quinhydrone
is a 1:1 adduct of quinone and hydroquinone that is
largely dissociated in aqueous solutions into an
equimolar mixture of quinone and p-hydroquinone.
Q · H2QH2QQ (3)
Consequently, the redox properties of this system are
described by the reversible half cell reaction
Q 2H 2eH2Q (4)
In a solution containing only Q, the reversible potential
is very positive because no H2Q is present, i.e., such a
quinone solution is strongly oxidizing and may extract
protons from a species, HmX
p, containing protons in
the course of a net redox process. Because equal con-
centrations of Q and H2Q exist in a quinhydrone
solution, it adopts the reversible standard potential of
redox half cell. The latter potential is much less positive
and thus much less oxidizing than in a pure quinone
solution. Consequently, the analyte species (cyto-
chrome c) is likely to be depronated to a lesser extent.
In order for the complete redox process to occur, a
source/sink of electrons is required. Several possibili-
ties exist. For example, the electron source might be the
negative high voltage counter electrode while the ana-
lyte species HmX
p (e.g., cytochrome c) formed in the
absence of quinone merely serves as a source of pro-
tons. In another scenario, the analyte species HmX
p
could be redox active, and thus could be oxidized (lose
electrons) and also transfer protons so that the net
decrease in its positive charge will be greater than that
due solely to proton loss. In this case, such product
species would be evident from the m/z spectrum. High-
resolution mass spectrometry experiments are under-
way to determine whether electron transfer makes any
significant contribution to the charge state reduction.
Mixing of 10 M cytochrome c with the redox
reagents hydroquinone (ACS  14.04), TCNQ (ACS 
12.95), or ascorbic acid (ACS  11.82) resulted in much
smaller changes in ACS, which was anticipated. Hydro-
quinone is the reduced form of 1,4-benzoquinone, thus
a proton transfer mechanism from cytochrome c to
hydroquinone would be precluded. This would also be
expected for ascorbic acid, which is in its reduced form.
TCNQ is an electron acceptor (oxidizing agent) and
thus would not be expected to reduce the ACS.
Different Concentrations of Cytochrome c
with Quinhydrone
Solutions containing 100 M quinhydrone and varying
concentrations of cytochrome c, from 30 M down to
100 nM were studied. The breadth of the charge state
distribution of cytochrome c was reduced in all cases
when it was admixed with quinhydrone as compared to
413J Am Soc Mass Spectrom 2005, 16, 409–416 SHIFTS IN PROTEIN CHARGE STATE DISTRIBUTIONthe control (no redox reagent); the maximum populated
charge state shifted to lower values in all cases. In
addition, the detection limit was improved by concen-
trating the signal into fewer charge states.
Figure 3 compares the mass spectra of 30 M and 10 M
cytochrome c without quinhydrone (Figure 3a and c)
and with quinhydrone (Figure 3b and d). Panels a and
c show that the charge state distribution was relatively
insensitive to the cytochrome c concentration, in the
absence of redox reagent. However, this was not the
case when cytochrome c was mixed with quinhydrone.
When mixed with quinhydrone, the higher charge state
distributions shifted to more compressed lower charge
state distributions, i.e., it became narrower (b and d).
Interestingly, the observed ACS of cytochrome c mixed
with quinhydrone was related to the quinhydrone to
cytochrome c molar ratio rather than concentration of
cytochrome c (Table 2). When the concentration of
cytochrome c was decreased from 20 M to 10 M
(reflecting an increase in quinhydrone/cytochrome c
molar ratio), the ACS was reduced from 13.55 to 9.43.
These changes were readily apparent in the mass spec-
tra. For example, when the concentration of cytochrome
c was decreased a factor of three from 30 M to 10 M,
the high charge state peaks from 17 to 12 disap-
peared, and the intensity of low charge state peaks
(10, 9) increased dramatically. The maximum S/N
of the10,9 peaks was observed at 5 M cytochrome
c and 100 M quinhydrone. This is illustrated in an-
other way in Figure 4, which shows the intensity
Figure 3. Nanospray mass spectra of (a) 30 M cytochrome c, (b)
30 M cytochrome c with 100 M quinhydrone, (c) 10 M
cytochrome c, (d) 10 M cytochrome c with 100 M quinhydrone.
Table 2. ACS of different concentration cytochrome c mixed
with 100 M quinhydrone
Sample ACS
30 M cytochrome c with 100 M quinhydrone 13.53
20 M cytochrome c with 100 M quinhydrone 13.55
10 M cytochrome c with 100 M quinhydrone 9.43
5 M cytochrome c with 100 M quinhydrone 9.53
1 M cytochrome c with 100 M quinhydrone 9.65
0.5 M cytochrome c with 100 M quinhydrone 9.65changes of the 15, 10, and 9 peaks that accompany
cytochrome c concentration changes. It also shows how
the sensitivity (S/N) of the 15, 10, and 9 peaks
varies with cytochrome c concentration.
Ubiquitin with Quinhydrone
Figure 5 shows the results obtained for ubiquitin upon
adding the redox reagent quinhydrone. The ACS before
and after addition of quinhydrone are given in Table 3.
The result was analogous to that observed for cyto-
chrome c. When 100 M quinhydrone was mixed with
10 M ubiquitin, the ACS of ubiquitin was reduced
from 13.63 to 7.60. In Figure 6a, far UV CD reveals only
small differences in ellipticities for ubiquitin between
aqueous and 50/50 acetonitrile/water solvent systems,
Figure 4. (a) Intensity of 15, 10, and 9 peak of different
concentration cytochrome c mixed with 100 M quinhydrone, (b)
sensitivity (S/N) of 15, 10, and 9 peak of different concen-
tration cytochrome c mixed with 100 M quinhydrone. All were
acetonitrile solutions.
Figure 5. Nanospray mass spectra of (a) 10 M ubiquitin, and (b)
10 M ubiquitin with 100 M quinhydrone.
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not disturbed by introduction into acetonitrile, and
upon addition of any of the redox reagents, this second-
ary structure is largely retained, as indicated by the far
UV CD spectra in Figure 6b. Thus, protein unfolding is
unlikely to account for the charge state reduction ob-
served for ubiquitin upon addition of quinhydrone; like
cytochrome c, the charge state reduction of ubiquitin
also seems likely to be induced by the redox reagent.
Table 3. ACS of ubiquitin and different concentration
ubiquitin mixed with quinhydrone
Sample ACS
10 M ubiquitin 13.63
10 M ubiquitin with 100 M quinhydrone 7.60
Figure 6. Far-UV CD spectra of ubiquitin (10 M): (a) Aqueous
versus 50/50 acetonitrile/water, and (b) with the addition of 100
M of a redox reagent (1,4-benzenequinone, hydroquinone, or
quinhydrone), 50/50 acetonitrile/water solution.Conclusions
Different redox reagents have different influences on
the charge state distribution of protein. For example,
1,4-benzoquinone can shift the multiple charge state
distribution of proteins such as cytochrome c from
higher charge states to lower charge states and the
weighed average charge state can also be reduced.
Quinhydrone also shifts the charge state distribution of
cytochrome c and reduces the average charge state,
although it does not decrease the charge state as much
as 1,4-benzoquinone does. The charge state distribution
of ubiquitin was shifted from higher charge states to
lower ones and the ACS was reduced when ubiquitin
was mixed with quinhydrone. However, for the redox
reagents hydroquinone, TCNQ, and ascorbic acid,
smaller effects were noted on the ACS of cytochrome c;
these were consistent with their redox properties. Fur-
ther research will investigate what roles proton-transfer
and/or electron-transfer play. The present low-resolu-
tion mass spectrometry does not permit us to distin-
guish between “charge transfer” mechanisms, though
with sufficiently high field electrospray ionization
Fourier-transform mass spectrometry the issue may be
resolved [57].
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